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The magnetocaloric response of an ensemble of oriented uniaxial magnetic objects, perpendicularly magne-
tized to their easy axes, for temperatures close to the blocking temperature is calculated with the aim of
demonstrating that the control of the sample’s microstructure makes up an effective way to tailor its magne-
tocaloric response. Coexisting positive and negative magnetocaloric effect MCE is found for a model mate-
rial with a single magnetic phase transition. Both MCE regimes are controlled by the magnitude of the applied
magnetic field. As a proof of concept, experimental results for arrays of self-assembled ferromagnetic nano-
wires embedded into highly ordered nanoporous anodic alumina templates are shown, suggesting the validity
of the numerical calculations.
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INTRODUCTION
The characterization of the magnetocaloric response of
materials, i.e., the change of their temperature due to the
application of a magnetic field, is nowadays a field of in-
creasing research interest, as evidenced by the huge increase
in the number of publications devoted to this subject for
recent reviews, the reader is addressed to Refs. 1–5. Al-
though the magnetocaloric effect MCE is not new it was
discovered by Warburg6 in 1881, the combination of the
recent discovery of the giant magnetocaloric effect7 and the
perspectives of the application of MCE in room temperature
magnetic refrigerators8–10 accelerated the research efforts in
this field. This refrigeration method, although not yet avail-
able in commercial appliances, offers numerous advantages
over the conventional systems based on the compression ex-
pansion of gases, ranging from increased energetic efficiency
to environmental benefits due to the avoidance of ozone de-
pleting or green house related gases.
The research efforts concerning magnetocaloric materials
can be classified in: a the search for higher performance
materials and b reduction of materials cost. The first one is
usually centered around rare earth alloys,7,11,12 while the sec-
ond is accomplished by substituting rare earth elements by
transition metals.13 More recently, soft magnetic amorphous
alloys are getting an increasing attention as low cost candi-
dates for magnetic refrigeration.14–21
From a more fundamental point of view, there are two
particular aspects of research which should be remarked: a
the study of the field dependence of MCE and b study of
the role played by the microstucture of the sample in deter-
mining its magnetocaloric response. A deep understanding of
both aspects can help in the optimization of the future refrig-
erator systems.22 The first line of research is more mature,
being approached from both experimental23,24 and theoretical
fronts although usually restricted to a mean field
approach25,26, with recent studies evidencing the existence
of a universal curve for the magnetic entropy change of
MCE materials, even when the mean field approach is not
applicable.27–29 The study of the influence of the material
microstructure has been less developed and it also opens a
broad range of possibilities. Most of the samples studied in
the literature are polycrystalline. Single crystalline samples30
were studied mainly to analyze the influence of the sample
impurities. The influence of amorphicity on the MCE of spe-
cific materials was studied,31 and a broadening of the mag-
netocaloric peak was observed due to disorder. The role of
the size of the particles was also a subject of research, evi-
dencing that superparamagnetic particles exhibit an en-
hanced magnetocaloric response with respect to their bulk
counterparts.32,33 From all these studies, it has been revealed
that a carefully control of the sample microstructure can be
used as a way of tuning the optimum magnetocaloric re-
sponse of materials. However, no qualitative change in the
behavior of the material is achieved: the magnetocaloric
peak is displaced to other temperatures, broadened, or made
sharper, but the shape of the curve remains essentially un-
changed. For example, in the case of interacting superpara-
magnetic particles, the modellization of the behavior of the
magnetization close to the order temperature can be made in
a similar way to that of a ferromagnetic material close to the
Curie temperature,34 which explains the similarities of the
magnetic entropy change curves obtained in both cases.35
However, the attention paid to the magnetic anisotropy
and its influence on the MCE has been limited, being mainly
centered on the magnetocrystalline anisotropy of monocrys-
talline samples.36,37 In some cases,36 it has been theoretically
predicted that the exploit of anisotropy, by adequate sample
rotation during the magnetization process, can be a method
to enhance the refrigerant capacity of the material. However,
it has to be considered that the anisotropy of nanostructured
materials can, in principle, be tailored almost at will, being
possible to control not only its magnitude but also the distri-
bution of easy axes orientation although not all types of
materials allow the same degree of control. It is also worth
PHYSICAL REVIEW B 77, 104434 2008
1098-0121/2008/7710/1044347 ©2008 The American Physical Society104434-1
mentioning that close to the blocking temperature of a super-
paramagnetic system, the anisotropy is not fully overridden
by thermal energy and has an influence on the shape of mag-
netization curves, which depart from the Langevin
behavior.38,39 The earliest studies on the influence of aniso-
tropy on MCE for nanostructured materials concentrated
only on moderately high applied magnetic fields.40,41 How-
ever, already in these cases, a distortion of the magnetic en-
tropy change dependence on the temperature could be
observed.40 Moreover, it will be shown that the low field
dependence of MCE in some anisotropic nanomaterials can
also exhibit a rich phenomenology.
The aim of this work is to evidence that a precise control
of the magnetic anisotropy of a nanostructured material can
lead to a magnetocaloric response that is qualitatively differ-
ent to that of the bulk material. With the help of numerical
simulation, we will show that an ensemble of uniaxial nano-
objects, being perpendicularly magnetized with respect to
their easy axis, can exhibit a coexistence of positive and
negative MCE for temperatures close to the superparamag-
netic transition. The sign of the magnetic entropy change can
be controlled by the maximum value of the applied magnetic
field. As a proof of concept, experimental results obtained for
highly ordered arrays of self-assembled ferromagnetic nano-
wires embedded into nanoporous anodic alumina templates
having well-defined anisotropy easy axis are shown, suggest-
ing the validity of the numerical calculations.
EXPERIMENT
Magnetic model
Let us consider a single domain particle having a well-
defined uniaxial magnetic anisotropy. The energy of such a
particle in the presence of an applied field of magnitude H
can be written as
E = − 0MsVHeˆm · eˆh + KVeˆm ∧ eˆk2, 1
where Ms is the saturation magnetization of the particle, V its
volume, K is the anisotropy constant, and eˆm, eˆh, and eˆk are
the unit vectors along the directions of magnetization, ap-
plied magnetic field, and anisotropy axis, respectively. Di-
mensionless parameters can then be defined as
t =
25kT
2KV
,
h =
H
HK
, HK =
2K
0MS
, 2
where k is the Boltzmann constant. The blocking temperature
is defined, as usual, as that connected to 1 /25 times the en-
ergy barrier,
TB =
E
25k
=
KV
25k
. 3
When the particle temperature is increased above the block-
ing temperature, all the orientations of the magnetization of
the particle determined with the angles  and  with respect
to the easy axis direction acquire a non-negligible probabil-
ity of occupation. The average value of the reduced magne-
tization m=M /MS can be calculated as
m =
 e−E/kTeˆm · eˆhsin dd
 e−E/kT sin dd , 4
producing superparamagnetic-like curves.
For temperatures below the blocking temperature, where
the thermal energy causes a deviation of the moment orien-
tation with respect to the zero temperature case but not so
important to eliminate the hysteresis, a Néel relaxation ap-
proach can be used which details are given elsewhere.39 It
has to be mentioned that the two-state approximation cannot
be used in this case because although it can give information
about the temperature dependence of coercivity, it cannot
reproduce the influence of thermal activation on the shape of
the magnetization curve and that information is required for
the study of MCE.
The magnetization curves of uniaxial single domain par-
ticles perpendicularly oriented to the applied magnetic field
have been numerically calculated, employing a resolution of
0.02 rad for both angles involved in the integration of Eq.
4, applied field values ranging from 0 to 10HK with incre-
ments of 0.02HK, and temperatures from 0.02TB up to 40TB.
Sample preparation
The fabrication of the honeycomb self-ordered nano-
porous anodic alumina membranes AAMs was done fol-
lowing the two-step anodization process.42 High purity alu-
minum Goodfellow, 99.999% foils were degreased,
cleaned, dried and finally electropolished. The anodization
procedure was done by using 0.3 M of oxalic acid solution
as electrolyte. The anodization voltage was kept at 40 V and
the electrolyte temperature at 2 °C. The first anodization
time, which determines the final hexagonal ordering degree,
was 24 h for all samples. After the first anodization, the
formed porous aluminum oxide was removed by using a
phosphoric acid solution. The patterns that remain printed on
the aluminum surface then play the role of starting points for
the porous growth during the second anodization process.
The second anodization time was 2 h for all the samples,
resulting in a total porous length of about 4.5 m. The final
alumina porous array, fabricated under the above conditions,
presents a pore diameter of 35 nm and a distance between
two adjacent pores of 105 nm, as schematically shown in
Fig. 1.43 The growth of highly ordered arrays of Ni and FeNi
nanowires into the self-assembled pores of the AAM was
carried out in a special homemade electrochemical cell by a
pulsed electrodeposition method using the well-known Watts
bath.44 The electrodeposition time, which determines the
nanowires length, was 2 h, resulting in 4500 nm long nano-
wires. During the electrodeposition, the temperature was
kept at 40 °C. The pulsed electrodeposition method consists
of a current pulse of minus 30 mA during 2 ms followed by
a positive voltage pulse of 5 V also during 2 ms. After 1 s of
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zero current and voltage, the previous pulse sequence is re-
peated again.45
Morphological studies were performed by high-resolution
scanning electron microscopy HRSEM LNLS, Brazil, re-
vealing arrays of ferromagnetic nanowires highly ordered
grown and uniformly aligned, with a diameter of 35 nm, ar-
ranged with hexagonal symmetry with a lattice constant or
internanowire distance of 105 nm, as shown in Figs. 2a
and 2b. It is worth noting that there is no significant diam-
eter distribution of the nanowires, as revealed in Fig. 2. In
fact, in our case, we have an average pore diameter of
352 nm, with a very narrow diameter distribution less
than 5%. The transmission electron microscopy TEM im-
age shown in Fig. 2c reveals also the polycrystalline mor-
phological structure of an isolated Ni nanowire.
The magnetization measurements were performed in a
Quantum Design XL7 superconducting quantum interference
device magnetometer in a temperature range between 4 and
300 K and applied magnetic fields up to 20 kOe. The mag-
netic response of the nanowire arrays was calculated by mea-
suring separately a the as deposited ferromagnetic nano-
wires embedded in the alumina template and b the empty
alumina matrix, and subtracting both signals. Figure 3a
shows a magnetic force microscopy MFM image of a sur-
face of Ni69Fe31 nanowires embedded into an AAM template
in the remanence state. The dark and bright dots correspond
to the magnetization, parallel aligned along the nanowires
easy axes, pointing in opposite directions upward or down-
ward due to the magnetostatic interactions among the nano-
wires in the remanent state.46,47 Figure 3b shows a MFM
image of a free standing Ni nanowire whose analysis denotes
the essentially magnetic single domain structure of the nano-
wires. The nanowire shown in this image is identical to those
ones considered in this work, i.e., a diameter of 35 nm and
about 1000 nm length. The microscopy tip signal convolu-
tion gives as a result that the nanowire seems to be much
wider than they actually are. The figure shows a dipolar mag-
netic monodomain configuration and there is no clear evi-
dence of a more complex domain structure.
RESULTS AND DISCUSSION
Figure 4 shows the calculated isothermal magnetization
curves of a single domain particle with the magnetic field
perpendicularly applied with respect to the easy axis for dif-
ferent temperatures below and above the blocking tempera-
ture. As indicated in a previous paper,39 for moderately high
applied magnetic fields, magnetization always decreases with
increasing temperature. However, for low magnetic fields
two different temperature regimes appear: at low tempera-
tures, magnetization increases with increasing temperature,
while at high temperatures magnetization decreases as tem-
FIG. 1. Color online Sketch of a nanoporous AAM on alumi-
num substrate, showing the main parameters of the array: dpore
=nanopores diameter, Dinterpore= interpore spacing, and the unit cell
of the nanoporous AAM, including also depicted the oxide barrier
layer. Typical values are dpore=35 nm and Dinterpore=105 nm.
FIG. 2. a HRSEM image of an array of self-assembled nano-
porous AAM template anodized in oxalic acid electrolyte in stan-
dard conditions described in the text. The high quality hexagonal
self-ordered nanoporous structure is clearly unveiled in the FFT
representation shown in the figure inset. b HRSEM image of an
array of Ni nanowires after a partial dissolving of the alumina tem-
plate with phosphoric acid etching. c TEM image of an isolated Ni
nanowire showing its polycrystalline nanostructure.
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perature increases. This low field–low temperature increase
of magnetization with increasing temperature, although not
intuitive, can be explained by considering that some of the
fluctuations of the magnetic moment would increase its pro-
jection along the direction of the applied magnetic field. This
fact has the effect of increasing magnetization for a definite
magnetic field and temperature intervals. Similar results
were recently obtained by thermodynamical models.48,49
By using Maxwell relation, these numerically generated
magnetization curves have been used to calculate the mag-
netic entropy change of an ensemble of identical uniaxial
single domain nano-objects perpendicularly magnetized to
their easy magnetization directions. In this way, the magnetic
entropy change due to the application of a magnetic field H
has been evaluated from the processing of the temperature
and field dependent magnetization curves using a numerical
approximation to the equation,
SM = 
0
H  M
T HdH , 5
where the partial derivative is replaced by finite differences
and the integration is numerically performed.
Figure 5 shows the magnetic entropy change curves cal-
culated from the magnetization curves in Fig. 4. For low
applied fields, curves exhibit a positive SM peak negative
MCE at low temperatures, and another negative SM peak
positive MCE at high temperatures. By increasing the mag-
nitude of the applied field, the magnitude of the high tem-
perature peak also increases. The low temperature peak ini-
tially increases, shifting its position to lower temperatures,
until it disappears. This behavior is in agreement with the
one previously described for the temperature and field evo-
lution of magnetization. The magnetic field dependence of
the calculated SM curves is shown in Fig. 6. For low tem-
peratures, the positive SM peak is located close to the an-
FIG. 3. Color online a MFM image of Ni69Fe31 nanowires
arrays embedded into an AAM template in their remanent magnetic
state. b MFM image of an isolated Ni nanowire showing its
single-domain magnetic dipole structure. In this figure, the nano-
wire dimensions are 4 m in length and 35 nm in diameter. The
apparent higher aspect ratio is due to the microscopy tip
convolution.
FIG. 4. Color online Field dependence of the isothermal mag-
netization curves of a single domain particle with the magnetic field
perpendicularly applied with respect to the easy axis calculated for
different temperatures. The inset shows a magnification of the low
field region.
FIG. 5. Color online Temperature dependence of the magnetic
entropy change for different values of the maximum applied field.
FIG. 6. Color online Field dependence of the magnetic entropy
change for different temperature values. The inset shows a magni-
fication of the low field region.
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isotropy field. As temperature increases, the field associated
with the maximum value of the entropy change shifts to
lower values. This negative MCE effect is still detectable at
temperatures close to 3TB. At all temperatures, high applied
magnetic fields cause a progressive decrease of SM as tem-
perature increases.
In a conventional ferromagnetic material close to the fer-
romagnetic to paramagnetic transition Curie temperature,
TTC, magnetization decreases with increasing temperature,
causing a negative magnetic entropy change when a mag-
netic field is applied 	the argument of the integral of Eq. 5
is negative
, which corresponds to a positive temperature in-
crement of the material when magnetized positive MCE.
The situation gets more complicated for materials with a
metamagnetic transition from antiferromagnetic to ferro-
magnetic. In this case, the metamagnetic transition implies
that magnetization increases when the transition temperature
is overcome, which causes a positive peak in the magnetic
entropy change and, therefore, a negative MCE. In this kind
of materials, a coexistence of negative and positive MCE is
also possible,50 as the ferromagnetic to paramagnetic transi-
tion of the high temperature phase would imply a negative
peak in SM. Even pure elements as Tb or Dy can exhibit
combined positive and negative MCE due to their compli-
cated phase diagram, with different magnetic transitions
which are controlled by field or temperature.51
As far as we know, what is unique to the results presented
in this work is that the coexistence of positive and negative
MCE takes place for a material with a single magnetic phase
transition and the nature of the magnetocaloric effect in this
model system can be controlled by the magnitude of the
applied magnetic field: for low applied magnetic fields and
low temperatures, the material cools when magnetized, while
for high magnetic fields the material heats when the field is
applied. Therefore, a refrigeration device using such a mate-
rial could change its operation mode at low temperatures just
by changing the magnitude of the maximum applied mag-
netic field.
In order to test the practical feasibility of this predicted
field controlled coexistence of positive and negative MCE, a
material composed of uniaxial objects with parallel aligned
easy axes has been measured. Therefore, arrays of highly
ordered ferromagnetic nanowires were fabricated in self-
assembled nanoporous AAM employed as templates. The
magnetocrystalline anisotropy of the individual objects can
be minimized by changing their composition. For this pur-
pose, Permalloy FeNi and Ni nanowires were selected. Due
to their geometry, the length to diameter aspect ratio of the
nanowires makes the shape anisotropy, rather than the mag-
netocrystalline one, the most relevant contribution to the
overall magnetic anisotropy of the sample. Therefore, the
long and short wire directions, respectively, define the easy
and hard magnetization easy axes of the arrays.43 The tem-
perature dependence of magnetization of the self-assembled
Ni main panels and FeNi insets nanowires arrays mea-
sured with the magnetic field applied perpendicularly to the
wires axes are shown in Fig. 7 	due to the small signal to
noise ratio of the data, MT curves for the Ni sample were
smoothed with a Savitzky–Golay filter; for the Permalloy
case, noise was reduced by selecting a smaller number of
experimental points just in the region of interest
. The ap-
plied fields were selected as one little under the anisotropy
field of each of the samples and one well above it 100 Oe
and 10 kOe for the Ni nanowires and 5 and 20 kOe for
NiFe. The temperatures of the plotted hysteresis loops are
room temperature and that corresponding to the maximum
magnetization in the low field MT curves 70 and 150 K
for Ni and FeNi, respectively. The different values of the
anisotropy field of each sample are in agreement with previ-
ously published experimental results.52,53 These results are in
good agreement with the magnetization models of Refs. 39
and 48, showing an increase in magnetization with increas-
ing temperature for low temperatures and low applied mag-
netic fields, followed by a magnetization decreasing at higher
temperatures. For high applied magnetic fields, magnetiza-
tion continuously decreases as temperature increases. As ex-
plained above, this behavior is the reason for the coexisting
negative and positive MCE predicted by the numerical simu-
lations performed in this work. Therefore, it can be con-
cluded that this particular behavior can be experimentally
found for nanostructured systems having a well-defined
uniaxial anisotropy. However, the low signal to noise ratio of
the experimental measurements prevent any further calcula-
tion of the SM, as noise is enhanced by the numerical de-
rivatives inherent to the calculations. Further efforts to in-
crease the resolution of the measurements are being
undertaken.
FIG. 7. Color online Lower panel: temperature dependence of
magnetization for self-assembled Ni nanowires in AAM template
measured with the magnetic field applied perpendicularly to the
length of the nanowires. Upper panel: hysteresis loops normalized
with respect to the saturation magnetization at 70 K of the Ni
nanowires arrays with magnetic field applied perpendicular to the
nanowires axis, which is measured at 300 and 70 K, respectively.
The insets show the results for the NiFe nanowires.
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CONCLUSIONS
In conclusion, although the analyzed studies in which the
magnetocaloric response of nanostructured magnetic materi-
als indicate that the control of the microstructure is an effec-
tive way to tune the optimum performance of prospective
refrigerant materials, in most of the cases, the shape of the
temperature dependence of the magnetic entropy change is
not altered, and the magnetocaloric response is qualitatively
similar to that of the corresponding bulk materials. In this
study, it has been shown that the adequate control of the
magnetic anisotropy of a nanostructured system can originate
behaviors which are qualitatively different from those of the
bulk materials. In this way, apart from adjusting the compo-
sition of the material to tune its magnetocaloric response, the
MCE of a particular sample can also be tailored by control-
ling its anisotropy. This fact can open new possibilities in the
design of future applications of the magnetocaloric effect.
As an application of the previous concept, numerical
simulations have been used to predict the coexistence of
positive and negative magnetocaloric effects in a nanomate-
rial with a single magnetic phase transition: an ensemble of
oriented uniaxial particles perpendicularly magnetized to
their easy axes. It has been demonstrated that the coexistence
of both MCE regimes can be controlled by the magnitude of
the applied magnetic field. As a proof of concept, experimen-
tal magnetization curves for highly ordered arrays of self-
assembled Ni and FeNi ferromagnetic nanowires embedded
in honeycomb nanoporous alumina templates, whose mag-
netic properties are strongly dominated by the uniaxial shape
anisotropy induced by the wires shape, have also been
shown, evidencing the practical feasibility of the predicted
behavior.
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